ABSTRACT Bacterial endosymbionts with signiÞcant homology to Francisella tularensis (␥-proteobacteria) have been described from at least Þve species of ticks in three different genera, were subjected to phylogenetic analysis. These gene phylogenies were compared with a phylogeny of the same tick species constructed from a 435-base fragment of the tick mitochondrial 16s rDNA. Although the phylogenies of the FLE and their tick hosts are parallel at the genus level, the Dermacentor FLE are unresolved at the species level. The FLE and the Dermacentor ticks show little sign of co-speciation, possibly indicating that the association between these endosymbiont and the Dermacentor ticks is of a relatively recent origin. Several ticks were co-infected, either with two FLE with divergent 17-kDa lipoprotein gene sequences or with FLE and an unidentiÞed species of spotted fever group rickettsia (␣-proteobacteria). Infection with FLE does not seem to have precluded infection with either a second closely related ␥-proteobacterial symbiont or with a second less closely related ␣-proteobacterial symbiont.
TICKS AFFECT HUMAN AND animal health, both directly as ectoparasites and indirectly as vectors of a wide variety of pathogens including bacteria, viruses, protozoa, and nematodes. The assortment of bacteria harbored and biologically transmitted by ticks is diverse, representing a wide range of genera including Anaplasma, Borrelia, Coxiella, Cowdria, Ehrlichia, Francisella, and Rickettsia. These pathogens are adapted to undergo development in the tick vector for at least a portion of their lifecycle. At least three of these genera, Coxiella, Francisella (both ␥-proteobacteria) and Rickettsia (␣-proteobacteria), also contain nonpathogenic endosymbionts of ticks that are closely related to pathogenic bacteria (Noda et al. 1997 ). There is a Þne line between tick symbionts and tick-borne pathogens, presumably because many of the adaptations that might serve well for tick-borne transmission might also serve well for establishing a symbiotic relationship. The question arises, did the symbionts evolve from tick-borne pathogens or vice versa?
Numerous investigators have observed intracellular bacteria in various tick tissues; these were deemed to be symbionts because they were not horizontally transmitted. Before the development of methods for culturing and characterizing these bacteria, tick symbionts were all classiÞed in the genus Wolbachia, based on morphological similarities to the mosquito symbiont Wolbachia pipientis (brießy reviewed in Suitor and Weiss, 1961) . The Þrst tick symbiont to be cultured and well characterized by methods other than morphology (animal inoculation and immunological cross reactivity) was Wolbachia persica. Notwithstanding itÕs name, W. persica is not closely related to the Wolbachia symbionts of insects. Wolbachia sensu stricto have not been found in ticks and are much more closely related to Rickettsia (both are ␣-proteobacteria). W. persica is a ␥-proteobacteria much more closely related to Francisella tularensis and the Francisella-like endosymbionts (FLEs) of ticks than to the insect symbionts, based on homology of the 16s rDNA sequence (Forsman et al. 1994) . Burgdorfer et al. (1973) isolated a symbiont from Dermacentor andersoni Stiles, which they called "DAS" (for Dermacentor andersoni symbiont), and showed that it was serologically cross-reactive with W. persica; they further demonstrated that cultures of DAS were pathogenic when injected into guinea pigs and hamsters (Burgdorfer et al. 1973) . Niebylski et al. (1997a) conÞrmed that DAS was a member of the genus Francisella based on 16s rDNA sequence and on a restriction fragment analysis of a F. tularensis 17-kDa lipoprotein gene homolog, which they were able to amplify from DAS. At about the same time, a closely related FLE was described from Ornithodoros moubata Murry (Ornithodoros moubata symbiont B) by Noda et al. (1997) . Most recently, FLEs have been described from Þeld-collected Dermacentor variabilis (Say) and from Ornithodoros (moubata) porcinus (Murry 1877, sensu Walton 1979) that had been reared in a pathogen-free laboratory colony for over 20 yr (Sun et al. 2000) . Although these symbionts all have a high degree of 16s rDNA sequence homology, their evolutionary relationships to one another and to the arthropod-borne pathogen F. tularensis are not known. A better understanding of the phylogeny of FLEs is the goal of this work.
In this study, I have examined the sequences of a fragment of the 16s rDNA and a fragment of the 17-kDa lipoprotein gene from FLEs of representatives of each of six North American Dermacentor species [D. andersoni, D. variabilis, D. albipictus (Packard) , D. occidentalis Marx, D. hunteri Bishopp, and D. (Anocentor) nitens Neumann], as well as from Amblyomma maculatum Koch and O. porcinus as outgroups. I have attempted to establish the phylogenetic relationships of the symbionts to one another, to the other FLEs described in the literature, and to the tick-born pathogen F. tularensis. To conÞrm the tickÐspecies relationships and to examine the possibility of co-evolution between the symbiont and the tick, I have examined a fragment of the tick mitochondrial 16s from this same group of ticks.
Materials and Methods
Ticks and Tick DNA. The ticks used in this study were acquired from various sources including: collection of fresh material by ßagging or dragging; colonized material; museum specimens; and individual personal collections (Table 1 ). All ticks had been preserved in 70% ethanol for various lengths of time before isolation of genomic DNA. Dermacentor ticks were identiÞed to species based on morphological characters using the key of Yunker et al. (1986) ; O. porcinus were from the same laboratory colony as those of Sun et al. (2000) . A. maculatum were identiÞed based on 16s rDNA sequence identity with A. maculatum sequences in GenBank. Although the speciÞc specimens used in this study were destroyed by the process of DNA extraction, representative specimens from most of the same populations have been retained in our laboratory as vouchers, and genomic DNA from many of the specimens has been frozen for future study.
Total genomic DNA was prepared from whole ticks using the DNeasy Tissue Kit (Qiagen, Germantown, MD) following the manufacturerÕs protocol (Protocol A for isolation of genomic DNA from insects), with the modiÞcations described herein. Alcohol-preserved ticks were rinsed in sterile Tris-acetate-EDTA (TAE) buffer and allowed to air dry on clean glass plates. Ticks were placed in 1.5-ml microcentrifuge tubes, frozen in liquid nitrogen, and ground to a powder (until no recognizable tick parts were present) with disposable plastic pestles (Bel-Art Products, Pequannock, NJ). Buffer ATL (180 l) and 20 l proteinase K from the kit were added to the ground tick and mixed with the same pestle. Tubes were incubated at 55ЊC for 1Ð3 h with occasional vortexing during the incubation. The resulting tick homogenate was puriÞed following the manufacturerÕs protocol. PuriÞed DNA was eluted from the spin column with 200 l warm (65ЊC) H 2 O (two times 100 l). One-half of the tick genomic DNA was held frozen at Ϫ40ЊC for future reference; the remainder was held at 4.0ЊC.
Polymerase Chain Reaction Amplification and Cloning. An Ϸ450-bp fragment of the tick 16s rRNA gene (rDNA) was ampliÞed from each tick genomic DNA prep using primers 16sϩ1, 5Ј-CCGGTCT-GAACTCAGATCAAGT-3Ј; and 16sϪ1, 5Ј-CTGCT-CAATGATTTTTTAAATTGCTGTGG-3Ј of Norris et al. (1996) with an annealing temperature of 52ЊC. The primers 61 F, 5Ј-GCTTAACACATGCAAG-3Ј; and 1227R, 5Ј-CCATTGTAGCACGTGT-3Ј of OÕNeill et al. (1992) were used with an annealing temperature of 55ЊC to amplify an Ϸ1,200-bp fragment of the eubacterial 16s rDNA. An 838-bp fragment of the 17-kDa lipoprotein gene homolog of F. tularensis ("TUL4") was ampliÞed using primers TUL4B-F, 5Ј-GAATAT-GTCAAAGGTAGG-3Ј; and TUL4B-R, 5Ј-TCA-GAAGCGATTACTTCT-3Ј of Sjostedt et al. (1990) with an annealing temperature of 54ЊC. Each 50-l polymerase chain reaction (PCR) contained 39.6 l ddH 2 0; 0.4 U of FastStart TaqDNA polymerase (Roche Diagnostics, Chicago, IL); 5 l 10ϫ PCR buffer with MgCL 2 (Roche Diagnostics); 1 l of each primer (50 M); 1 l dNTP mix (10 M of each dNTP); and 2 l of template.
The PCR products were visualized on a 1% low melt agarose gel; the bands of the appropriate size were cut from the gel, puriÞed with the QIAquick gel puriÞ-cation kit (Qiagen), and eluted with 50 l of warm (65ЊC) water. The puriÞed amplicons were TA cloned using the TOPO TA Cloning Kit for Sequencing (Invitrogen Life Technologies, Chicago, IL) following the manufacturerÕs protocol. Six clones for each amplicon were grown overnight, minipreped with the Qiagen Spin MiniPrep kit, and eluted with 50 l warm (65ЊC) water. A small aliquot of each was digested with EcoRI and run on a gel to conÞrm the presence and size of the insert. Clones with the appropriate size insert were sequenced. Tick 16s rDNA clones were sequenced using either the T3 or the T7 priming sites on the vector to sequence across the entire insert. Eubacterial 16s rDNA and TUL4 clones were end sequenced with either T3 or T7, and all of the end 
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sequences from a single tick were assembled into contigs. In a few cases, the sequences from a single tick assembled into more than one contig, indicating that more than one species of eubacteria was present. A BLAST search of the GenBank data base revealed which of the contigs had high homology to the known tick symbionts (FLE and Rickettsia sp.) and which sequences were common contaminating bacteria. The clones from contigs that had a high degree of homology to FLE or to Rickettsia sp. were sequenced from the opposite end and reassembled to get the full-length fragment. All sequencing was done by a commercial laboratory (Amplicon Express, Pullman, WA). Analysis. Sequence trace Þles were assembled with the SeqMan II module of the Lasergene software package (DNAStar, Madison, WI). Assemblies were manually edited where necessary, and consensus sequences for the Francisella-like 16s rDNA, 17-kDa lipoprotein gene, and the mitochondrial 16s from each tick were established. Consensus sequences were aligned using the ClustalW algorithm implemented in the MegAlign module of Lasergene. Pairwise sequence differences were evaluated using the distance matrix generated by the LaserGene package. Alignments were exported from MegAlign as NEXIS Þles and opened with PAUP* version 4.0b10 for phylogenetic analysis (Swofford 2002) . Analyses were conducted using neighbor joining (NJ) with optimality criteria set to distance and maximum parsimony (MP); 1,000 bootstrap replicates were analyzed within each method.
All of the sequence data generated during the course of this research has been deposited in GenBank; the accession numbers for the FLE sequences can be found in Table 1 . Accession numbers for the Rickettsia sequences are in the text of the following section.
Results

Mitochondrial 16s
Phylogeny of Dermacentor Species. An Ϸ454-base fragment of the mitochondrial 16s rDNA was ampliÞed, cloned, and sequenced from six Dermacentor species:
occidentalis (n ϭ 2), and D. variabilis (n ϭ 3), as well as from A. maculatum and O. porcinus (Table 1) . After alignment and exclusion of primer sequences, there were 425 sites available for analysis; 262 sites were constant, 90 variable sites were phylogenetically uninformative, and 73 variable sites were phylogenetically informative.
The topologies of the NJ and MP trees were identical with all of the Dermacentor species resolved into a single monophyletic clade (100% NJ/100% MP bootstrap support; Fig. 1 ). Within the Dermacentor, the two Weisburg et al. 1989) ; and F. tularensis (AF143093). After alignment and trimming of the sequences there were 1,169 sites available for analysis; 1,094 sites were constant, 53 variable sites were phylogenetically uninformative and 22 sites were phylogenetically informative.
The topologies of the NJ and MP trees are identical with all of the symbiont 16s rDNA sequences from Dermacentor ticks resolved into a single monophyletic clade (60% NJ/86% MP bootstrap support; Fig. 2 ), but within this clade, the phylogeny was poorly resolved, with all of the sequences having Ն98.8% similarity to the published DAS sequence and Ն98.6% similarity to the published sequence of the D. variabilis symbiont.
At this level, the 16s rDNA seems to be relatively uninformative phylogenetically for the FLEs. The symbiont sequence from A. maculatum forms a monophyletic lineage, but the bootstrap support is poor (Ͻ50%).
Rickettsia 16s rDNA Amplification and Cloning. An Ϸ1,157-base fragment of the 16s rDNA of Rickettsia sp. was ampliÞed and cloned from three of the same ticks that the FLEs came from (i.e., they were coinfected): D. andersoni from Malheur Co., OR (GenBank accession number AY375424); D. hunteri from San Bernardino Co., CA (AY375426); and D. variabilis from Nez Perce Co., ID (AY375427). A Rickettsia 16s rDNA fragment was also ampliÞed from another tick from the same population as the D. andersoni from Ft. Benton, MT (AY375425). There is insufÞcient differentiation in this fragment of the 16s rDNA of the Rickettsia to separate these four sequences or to allow species determination based the sequence of this fragment alone; however, they are clearly distinct from the FLE sequences. All four of these sequences had Ͼ99% similarity to the most likely North American Rickettsia species (R. rickettsii, R. peacockii, and R. montana), as well as to several other Rickettsia species from geographically distant locations.
Phylogeny of the Francisella-like Endosymbiont 17-kDa Lipoprotein Gene Homologs. Because the 16s rDNA sequences were relatively uninformative, we ampliÞed and sequenced an Ϸ825-base fragment homologous to the F. tularensis 17-kDa lipoprotein gene (Sjostedt et al. 1997 ). We were able to amplify this fragment from some, but not all, of the same ticks that we ampliÞed the eubacterial 16s from, as well as from some additional ticks not previously studied (see Table 1 for details of which fragments were sequenced from which ticks). The full-length fragment was cloned and sequenced from the same six Dermacentor species: D. albipictus (n ϭ 2), D. andersoni (n ϭ 4), D. hunteri (n ϭ 3), D. nitens (n ϭ 1), D. occidentalis (n ϭ 1), and D. variabilis (n ϭ 2), as well as from O. porcinus (Table 1) . We were able to obtain only partial sequences from two ticks: a 723-base sequence from A. maculatum and an 804-base sequence from a D. andersoni from Ft. Benton, MT. Two different 17-kDa lipoprotein gene sequences with 97.9% identity were ampliÞed from one D. andersoni originally collected from Kamloops, British Columbia (Table 1) , and two different sequences with 97.5% identity were ampliÞed from two separate specimens of D. hunteri from the same collection site in California (Table 1) .
To examine the phylogenetic relationships among these sequences, two alignments were constructed: one was trimmed to 713 bases so that it could include the incomplete A. maculatum symbiont sequence, and a second alignment contained the full 792-base sequence for all the ticks, with A. maculatum excluded. The topologies of the trees resulting from the two alignments were essentially identical, with the exception of the addition of a branch for the A. maculatum symbiont in the trimmed tree, and there was only one variable character in the portion of the alignment that was trimmed to make the shorter alignment. Conse-quently, the trimmed alignment was used for phylogenetic analysis.
Of the 713 characters in the alignment, 591 characters were constant, 99 variable characters were phylogenetically uninformative, and 23 characters were phylogenetically informative. Among the Dermacentor symbiont sequences, there was strong bootstrap support for four clades. All of the D. albipictus and D. nitens symbiont sequences clustered in a single clade (75% NJ/60% MP bootstrap support), two of the other three clades contained symbiont sequence from two different species (D. variabilis and D. andersoni, and D. andersoni and D. hunteri with 98 and 100% bootstrap support, respectively), whereas the fourth clade contained symbiont sequence from four species (D. andersoni, D. hunteri, D. occidentalis, and D. variabilis , with 100%NJ/90% MP bootstrap support; Fig. 3 ).
Discussion
The results of the phylogenetic analysis on the tick 16s rDNA are in general agreement with the results of . There is strong support for monophyly of the genus Dermacentor, but some of the species within the genus are less well resolved. Both D. andersoni and D. hunteri form well-resolved monophyletic clades. The two one-host tick species in the genus, D. albipictus and D. nitens, form a single monophyletic clade, thus supporting the suggestion that the origin of the one-host lifecycle in Dermacentor ticks is a relatively recent monophyletic event . D. variabilis and D. occidentalis could not be resolved with the 425-base 16s rDNA fragment used in this analysis, although found them to be statistically well-supported monophyletic taxa. A longer fragment of the 16s rDNA gene may be necessary to clearly resolve Dermacentor ticks at the species level. Dermacentor is one of the most recently derived of the Ixodid tick genera Piesman,1994, Black et al. 1997) ; consequently, there may not have been enough evolutionary time for sufÞcient genetic differentiation to have occurred in the 16s rDNA to completely resolve species level differences within the genus .
For this study, a total of 59 ticks were sampled for the FLEs; symbiont sequences could only be ampliÞed from 39% of these. This study was not designed to determine the prevalence of infection with FLEs, but rather to study the relationship between the FLEs from different tick populations and different species. The sample sizes were too small to allow any meaningful conclusions to be drawn about prevalence within populations. Furthermore, some of the ticks sampled were from old collections that had been preserved in alcohol for quite some time; in these cases, (2000), O moubata symb B from Noda et al. (1997) , and other branch labels correspond to ID column in Table 1. failure to identify FLEs could be the result of poor DNA quality rather than the absence of the symbiont. It is apparent, however, that FLE sequences cannot be ampliÞed from every tick in every population. Niebylski et al. (1997) ampliÞed DAS 16s rDNA from 94% (n ϭ 108) of D. andersoni collected in the Bitterroot mountains but were unable to amplify the same fragment from a smaller sample (n ϭ 12) collected in Colorado.
Although the 16s rDNA sequences of the Dermacentor FLEs do resolve into a single monophyletic clade with relatively strong bootstrap support, there does not seem to be enough genetic differentiation among the sequences within this group to clearly resolve phylogenetic relationships between the symbionts from different Dermacentor species. There is Յ1.0% divergence in the 16s rDNA among all of the Dermacentor symbionts, including the published DAS and D. variabilis symbiont 16s rDNA sequences. The Dermacentor symbionts are all clearly divergent from W. persica (1.4 Ð1.9%) and F. tularensis (1.9 Ð2.4%).
There is greater divergence among the 17-kDa lipoprotein gene sequences; the Dermacentor FLEs fall into four well-supported clades with a high degree of similarity within each group. Because of its presumed isolation within the host lineage, it is reasonable to assume that a symbiont would co-speciate with its host. If co-speciation was the only process occurring, the phylogenies of the host and the parasite (or in this case, the symbiont) would exactly mirror one another (Page 2003) . In the case of the one-host ticks (D. albipictus and D. nitens), the symbiont and the tick phylogenies are parallel. However, this may reßect the presence of a recent common ancestor for both the tick and the symbiont rather than co-speciation. The remaining three clades contain symbiont sequences from more than one Dermacentor tick species and do not parallel the tick phylogeny. Thus it seems unlikely that these symbionts have co-speciated closely with their tick hosts. The FLEs of the four Dermacentor species that share a three-host lifecycle (D. andersoni, D. variabilis, D. occidentalis, and D. hunteri) all seem to be relatively closely related, showing 1.0% or less divergence among their 16s rDNA gene sequences and 2.5% or less divergence among their 17-kDa lipoprotein gene sequences. There is sufÞcient differentiation, at least in the 17-kDa lipoprotein gene, to separate them into statistically well-supported clades; however, these clades bear no relationship to the phylogeny of the ticks. There is clear divergence between the symbionts from the Dermacentor ticks and those from A. maculatum (1.9 Ð2.9% divergence), O. porcinus (1.3Ð2.7% divergence), and from the published sequence of F. tularensis (10.8 Ð12.4% divergence).
There are several potential explanations for apparent lack of co-speciation between the three-host Dermacentor ticks (D. andersoni, D. variabilis, D. occidentalis, and D. hunteri) and the FLEs that they harbor. The most likely explanation is that the association between the tick and the bacterium is relatively recent. If there has been insufÞcient time for the tick 16s rDNA to diverge, there may also have been insufÞ-cient time for divergence of their symbionts. This is in contrast to Noda et al. (1997) , who suggested that the FLEs are of ancient origin because they are found in both hard and soft ticks and are widely distributed across tick genera. In fact, there is nearly as much divergence among the Dermacentor FLEs as there is between the FLEs of the Dermacentor and the Ornithodoros. If the association between the FLE and the ticks is ancient, a higher degree of divergence between the symbionts from hard and soft ticks might be expected, because Ixodidae and Argasidae most likely diverged from one another sometime during the Mesozoic Era, between 65 and 225 million years ago (Hoogstraal 1978) .
A more plausible explanation for the wide distribution across tick taxa of these closely related symbionts would be that a broadly permissive tick-transmissible FLE ancestor similar to F. tularensis spread among ticks by an infectious pathway, i.e., through feeding on shared infected hosts or co-feeding transmission and secondarily adapted to a symbiotic lifestyle, perhaps through a simple genetic change. F. tularensis is known to have a very broad host range; Ϸ100 species of mammals, 25 species of birds, and Ͼ50 species of arthropods (including numerous species of ticks) have been found naturally infected with the pathogen (Kettle 1995) . One FLE, DAS, was shown to be pathogenic to hamsters and guinea pigs when they were injected with cultured material (Burgdorfer et al. 1973 , Niebylski et al. 1997 .
Another possible explanation for the apparent lack of co-speciation might be host switching. However, it is impossible to propose a mechanism for FLE host switching that does not require some form of horizontal transmission between tick species; moreover, it is difÞcult to suggest a means by which a bacterium adapted to a endosymbiotic lifestyle could be horizontally transmitted. This discussion is further hampered by the fact that the exact mode of transmission of the FLE from one generation to the next is not known. By deÞnition, an endosymbiont is not likely to be transmitted through the classical mechanism for horizontal transmission: infection of the salivary glands and transmission through the saliva to be acquired by another tick either from an infected host or by co-feeding transmission. Salivary glands of D. andersoni and O. porcinus have not been found to be infected with FLEs (Niebylski et al. 1997a , Sun et al. 2000 . Furthermore, guinea pigs fed on by DAS-infected D. andersoni do not develop an immune response to DAS, whereas guinea pigs injected with homogenates of DAS infected ticks do (Niebylski et al. 1997a) . So it seems unlikely that host switching by means of classical horizontal transmission pathways can account for the apparent lack of co-speciation between Dermacentor ticks and their FLEs.
Although it has not been studied, another possible mechanism for horizontal transfer of FLEs might be venereal transmission. However, venereal transmission would require that male reproductive tissues be infected. In D. andersoni, only the female reproductive tissues were found to be infected with FLEs; male gonadal tissues were not infected (Niebylski et al. 1997a) . Sun et al. (2000) were able to amplify the symbiont DNA from the ovary and Malpighian tubules of O. porcinus, but male tissues were not tested. Ticks can be induced to mate across species barriers in the laboratory; Oliver et al. (1972) hybridized D. andersoni with D. variabilis and with D. occidentalis; however, hybridization seems unlikely to occur with much frequency in the Þeld. For these reasons, venereal transmission seems an unlikely mechanism for host switching. Weller et al. (1998) have proposed that pathogenic strains of spotted fever group (SFG) rickettsia may continuously evolve from symbiotic rickettsia through changes in outer membrane proteins. It seems unlikely that such a mechanism would be at work for the FLEs. The pathogenic and nonpathogenic SFG rickettsia are much more closely related to one another (Ͼ99% identity in their 16s rDNA) than are the FLEs and their pathogenic congener F. tularensis (Ͻ90% identity). The presence of multiple sequences of the 17-kDa lipoprotein gene in the same tick or in two ticks collected from the same population at the same time might represent the sort of outer membrane protein variation observed in SFG rickettsia, or it could represent two different "strains" of the symbiont infecting the same host.
To test these hypotheses, a genetic marker directly related to the symbiotic adaptation would be useful. Clearly there is a need for additional genetic markers with a higher degree of sequence divergence among closely related strains of the FLEs if we are to resolve the relationships within this group.
The observation of ticks that are co-infected both with the FLE and a rickettsia species may have important implications. It has been suggested that nonpathogenic symbiotic Rickettsia may play a role in vector competence of ticks for pathogenic Rickettsia; the "rickettsial exclusion hypothesis" suggests that infection with a nonpathogenic rickettsia prevents infection of the tick with a pathogenic strain (Burgdorfer et al. 1981) . Although no mechanism has been suggested, Rickettsia peacockii, an endosymbiont of D. andersoni, has been implicated as the "east side agent" (Niebylski et al. 1997b) . No one has observed any interaction between the FLEs and Rickettsia species, although Niebylski et al. (1997a) did report observing a single ovary cell containing both FLEs and Rickettsia. No direct role in tick pathogenesis or vector competence has ever been postulated for the FLE, and it seems that infection with the FLE does not preclude infection with either a second closely related ␥-proteobacterial symbiont or with a second less closely related ␣-proteobacteria.
Although the name has not been revised, it seems clear from the published literature that W. persica should be placed in the genus Francisella, as suggested by previous authors (Niebylski et al. 1997a , Noda et al. 1997 . Furthermore, although W. persica was Þrst isolated from a soft tick originally classiÞed as Argus persicus (Suitor and Weiss 1961) , the original host is now classiÞed as Argus arboreus (Burgdorfer et al. 1973) . To avoid confusion with the insect-associated Wolbachia and to correctly acknowledge the tick species it was Þrst isolated from, this symbiont should be renamed Francisella arboreus.
In conclusion, before this work, FLEs had been deÞnitively identiÞed from only Þve species of ticks in three different genera (Argus, Ornithodoros, and Dermacentor) in two different families (Ixodidae and Argasidae). This work adds an additional Ixodid genus (A. maculatum) and four more Dermacentor species (albipictus, hunteri, nitens, and occidentalis) to the list of ticks from which this symbiont has been identiÞed based on sequence analysis of the 16s rDNA gene and the Francisella 17-kDa lipoprotien gene homolog. Although this symbiont is spread across a broad array of distantly related tick species, there seems to be insufÞcient divergence between FLEs of the Ixodid and Argasid ticks to support the hypothesis proposed by Noda et al. (1997) that the symbiotic relationship between FLE and ticks is ancient. Rather, it seems more likely that the FLE adapted secondarily to symbiosis after transmissible, possibly pathogenic, ancestors spread to a wide variety of tick species in the recent geologic past.
